Abstract: Current biological treatments for non-healing wounds aim to address the common deviations in healing mechanisms, mainly inflammation, inadequate angiogenesis and reduced synthesis of extracellular matrix. In this context, regenerative medicine strategies, i.e., platelet rich plasmas and mesenchymal stromal cell products, may form part of adjuvant interventions in an integral patient management. We synthesized the clinical experience on ulcer management using these two categories of biological adjuvants. The results of ten controlled trials that are included in this systematic review favor the use of mesenchymal stromal cell based-adjuvants for impaired wound healing, but the number and quality of studies is moderate-low and are complicated by the diversity of biological products. Regarding platelet-derived products, 18 controlled studies investigated their efficacy in chronic wounds in the lower limb, but the heterogeneity of products and protocols hinders clinically meaningful quantitative synthesis. Most patients were diabetic, emphasizing an unmet medical need in this condition. Overall, there is not sufficient evidence to inform routine care, and further clinical research is necessary to realize the full potential of adjuvant regenerative medicine strategies in the management of chronic leg ulcers.
Introduction
The overwhelming costs of wound care services is rising worldwide [1, 2] , with the market of wound care products surpassing $15 billion according to Global Industry Analysts [3] . Healing chronic wounds is becoming a major health challenge. In particular, chronic wounds in the lower limb represent the largest fraction, with venous and diabetic foot ulcers (DFU)s accounting for 70-90% of these ulcers [4] . The socioeconomic and biomedical burdens that they represent are worsened by global demographic events, such as the aging population and the pandemic of obesity [5] . The latter is associated with an increased incidence of diabetes and the threat it involves in foot ulcer development. In fact, up to 25% of diabetic patients will develop a foot ulcer with costs ranging from $7439 to $20,622 per episode [6] . Furthermore, ulcer chronicity increases the severity and the costs of these conditions. Wound care encompasses all elements of wound management, which include the control of underlying conditions, including neuropathy, ischemia, venous hypertension, pressure, and infection. Impaired wound healing can occur even after controlling modifiable risk factors, and adjuvant biological interventions can form part of complex wound management. Actually, prompt wound healing is imperative to prevent irreversible damage. Moreover, the longer it takes to heal an ulcer, the greater the severity and the financial burden [7] .
Concepts in wound healing pathophysiology help to determine the choice of therapy and care planning. The involvement of growth factors was acknowledged decades ago, and as a result, recombinant growth factors (rh-GFs) therapies, such as recombinant human epidermal growth factor (rh-EGF) [8] , recombinant human fibroblast growth factor (rh-FGF) [9] , and recombinant human platelet-derived growth factor (rh-PDGF) [10] have been explored, resulting in specific growth factors in the therapeutic armamentarium, such as Regranex ® , (becaplermin, rh-PDGF-BB). But, one by one these growth factors cannot fulfill the multiple needs of non-healing tissues. Grounded on a more biomimetic hypothesis, interventions, such as platelet rich plasma (PRP) therapies, are being tested as they deliver a large pool of molecules that are involved in various healing stages, which can be stalled due to different comorbidities. Healing stages susceptible of PRP modulation include hemostasis, inflammation, cell migration and proliferation, extracellular matrix production, and tissue remodeling [11] .
Furthermore, the use of cellular products, in order to address a potential deficiency of competent cells, is under scrutiny. Currently, medical devices and protocols are commercially available to prepare different PRP formulations, and cellular products containing a low number of MSCs, i.e., bone marrow concentrates (BMC), and the stromal vascular fraction (SVF) from adipose tissue [12] .
In the context of difficult to heal wounds, regenerative medicine strategies, i.e., PRPs and cell products, may form part of adjuvant interventions in an integral patient management; moreover, taking advantage of using patients' own resources and in order to avoid drug interactions in these otherwise polimedicated patients, it may be possible to prepare PRP, BMC, or SVF for local application in the wound.
Our review aims to synthesize the clinical experience on ulcer management using two categories of biological adjuvants. Firstly, we have explored the use of point of care MSCs' related products, and second the local application of platelet derived products. The question that we addressed is as follows: is there any mesenchymal stromal cell or platelet-based regenerative therapy that applied locally, either injected in the wound edges and/or applied topically in the wound bed, can help to heal chronic leg ulcers? The results of controlled trials included in this systematic review favor the use of mesenchymal cell based-adjuvants for impaired wound healing, but the number and quality of studies is moderate-low and complicated by the diversity of biological products. Overall, there is not sufficient evidence to inform routine care. There are 18 controlled studies that are investigating the efficacy of platelet-derived products in lower limb chronic wounds, but the heterogeneity of products and protocols hinders clinically meaningful quantitative synthesis.
Results
The search resulted on 813 articles, after removing duplicates. After exclusion of 782 articles for the reasons shown in Figure 1 , thirty-one articles remained.
Four articles were excluded after reviewing the full text because they involved the treatment of chronic osteomyelitis, pressure ulcers in the trunk, with various anatomical locations or burn injuries. The main characteristics of cell-based and platelet-based studies are summarized Tables 1  and 2 , respectively. Walter (2011) [22] Abbreviations: CT = controlled trial; CTR = control group; DFU = diabetic foot ulcer; Exp = Experimental treatment; L-PRF = leukocyte-rich platelet-rich fibrin; PDWHF = platelet derived wound healing formula (or factors); PR (gel) = platelet rich; PRP = platelet rich plasma; PTA = percutaneous transluminal angioplasty; RCT = randomised controlled trial; SD = standard deviation. 
Cell-Based Studies
Ten controlled studies involving MSC derived therapies were identified, with a total of 261 patients in the experimental arm and 219 patients in the control group [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Studies were published between 2005 and 2017. Most studies included DFU [13] [14] [15] [16] [17] [18] [19] [20] , and one study included ulcers from different etiology (post-trauma, diabetic, arterial, and venous) [21] .
There were eight randomized controlled trials (RCTs) [13, [15] [16] [17] [18] [20] [21] [22] and two controlled studies [14, 19] . The number of patients per experimental group ranged from 10 to 42. Standard wound care or placebo were used as control in most studies. The experimental products tested were: autologous BMC injections [14, [16] [17] [18] 20, 22] , ex vivo expanded bone marrow mesenchymal stromal cells (BM-MSCs) [13, 17, 18] , SVF [15, 19, 21] , and peripheral blood stem cells (PBMNC) after granulocyte colony-stimulating factor (G-CSF) mobilization [14] . Two studies compared two cell products, BMC versus PBMNC [14] and BMC versus BM-MSC enriched in CD90 + cells [17] . Whether ex vivo expanded BM-MSCs were superior to BMC was explored in one three armed study [18] .
There were no differences between BMC and PBMNCs [14] . When BM-MSCs and BMC were compared [18] , the former showed better outcomes, but both cell treatments were better than saline. Two other studies, involving DFU, used SVF combined with fibrinogen/fibrin [15] and with PRP [21] .
The patient population was predominantly formed by diabetic patients (in some cases associated with critical limb ischemia [14, 18, 20] . Main outcome measurements included parameters related to ulcer healing and the rate of amputations. Cell therapies enhanced outcomes in all studies ( Table 1) .
The risk of bias of cell therapy studies are shown in Table 3 and summarized in Figure 1 . The risk of bias arising from the method of generation allocation sequence was considered as low in three trials [15, 16, 18] , five were unclear [13, 17, [20] [21] [22] , and the two remaining had a high risk of bias [14, 19] . The risk of bias arising from the method of allocation concealed was considered low in two trials [13, 16] . But in other six studies this was not specified [15, 17, 18, [20] [21] [22] and two studies did not use adequate allocation concealment [14, 19] (Table 3) . Concerning performance bias, insufficient description of the blinding procedure was found in six studies [13, 16, 17, [20] [21] [22] . The remaining three studies had high risk of bias [14, 15, 19] . The risk of attrition bias was rated as low in seven trials [13] [14] [15] [16] [17] 20] , and was unclear in three studies [18, 19, 21] . Reporting bias was rated as low in four trials [13, 16, 17, 19] . 
Platelet-Based Therapies
We identified 18 studies involving the use of platelets or PRP in chronic leg ulcers; they were published between 1986 and 2017 [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . A summary of all the studies is shown in Table 2 .
The number of participants per group ranged between seven and 59. The number of participants in the experimental and control groups were 408 and 384, respectively. All of them were RCT except three [33, 34, 40] , but most studies were underpowered [24, 25, 28, 30, 31, [36] [37] [38] . All of the studies except one [28] were two armed. The biological interventions were highly variable, not only concerning the composition of platelet products, but also the number of applications, and the interval between applications. Topical PRP gel was used in seven studies [23] [24] [25] [26] 32, 36, 37] . In these studies PRP was stimulated with thrombin and/or Ca 2 Cl or calcium gluconate to initiate coagulation and platelet activation in order to obtain platelt rich (PR) gels. The presence of leukocytes in PRPs and the platelet enrichment relative to peripheral blood are hardly described. One study [35] compared PRP that was obtained through double spinning with leukocyte-platelet rich fibrin (L-PRF) that was obtained through single spinning, and found better outcomes in L-PRP treated patients. PDWHF (platelet derived wound healing factors, i.e., platelet secretome) was topically applied in three studies [30, 31, 40] . Two studies [27, 40] used allogeneic platelets. Platelet lysate obtained by freeze/thawing or sonication was used in two studies [38, 39] . Knighton et al. used PDWHF mixed with crystalline collagen [30] . The frequency of application varied between twice daily [30] , twice weekly [23, 36] , or weekly [35] .
Time to healing or reduction in the ulcer area was the most common outcome measurements. Seven trials involved predominantly diabetic patients [23, 26, 29, 31, 32, 36, 37] , while mixed ulcer etiology were involved in the other studies. Outcome results favored experimental treatments in eleven studies [23, 24, [26] [27] [28] [30] [31] [32] 36, 37, 40] .
The risk of bias for individual studies is shown in Table 4 and the summary is depicted in Figure 2 . The risk of bias arising from the method of generation allocation sequence was considered low in eight trials [24] [25] [26] [27] [28] 31, 32, 39] , and six of these trials had low risk as regards the method of concealed allocation [25, 26, [30] [31] [32] 39] . Three had a high risk of selection bias [33, 36, 37] . Overall, most of the studies had a high or unclear risk of performance bias, except for one study [31] . The risk of attrition bias was rated high in three studies [24, 26, 30] , and reporting bias was high in seven studies [28, 30, 33, 35, 37, 38, 40] . 
Discussion
We have reviewed controlled studies examining the efficacy of biological adjuvants, mainly cellular products (i.e., BMC and SVF) and platelet-derived products for chronic leg ulcer management. We identified ten controlled studies using mesenchymal-stromal cell based therapies, and 18 studies examining platelet derived products that were applied locally to augment wound healing. Overall, a general positive effect on ulcer size reduction was found in favor of these biological interventions.
Generally, adjuvants are applied when there is a lack of adequate progress on healing. Crucially, DFU precedes 85% of all lower limb amputations [41] , thus the importance of developing efficient adjuvant treatments for rapid healing when the ulcer outcome is stalled. As shown in Tables 1 and 2 summarizing our findings, most patients were diabetic, emphasizing the unmet medical need of this patient population.
Ulcers in the lower extremity may develop from a diversity of conditions, including neuropathy, venous hypertension, mechanical pressure, and ischemia. The latter has been treated with intramuscular injections of either bone marrow derived products, or PBMNCs after mobilization with G-CSF. After systematic review and meta-analysis, data revealed that bone marrow products, but not G-CSF mobilized PBMNCs, improved the surrogate indexes of ischemia [42, 43] .
There are different strategies to deliver MSCs, from injectable mixtures of cell populations, as is the case with BMC, and SVF, to refined MSC preparations. Most of the studies included in this review used BMC (five studies) or SVF (three studies), which can be prepared at the point of care, using automated closed systems, single use consumables, and clinical grade reagents. These products contain mixed cell phenotypes, in different degree of maturation, including mature cells (adipocytes, fibroblasts, smooth muscle cells, endothelial blood cells and macrophages), progenitors (pre-adipocytes and endothelial, vascular, and hematopoietic progenitors) and stem cells, including MSCs, hematopoietic stem cells, pericytes and supra-adventitial cells [44] [45] [46] . The rationale for their application is that the non-healing wound is deficient in cells and healing proteins. The main mechanism of action of MSCs consists on paracrine interactions with other cell populations, thereby providing a sustained healing factor delivery to cope with tissue needs [47] . The main mechanisms of action of the mixed cell populations that form part of BMC and SVF have not been described yet.
An advantage of these cellular products is that medical devices and protocols are commercialized to prepare these products (BMC and SVF) at the point of care, facilitating rapid implementation if they were effective. However, our results highlight the low number of treated patients (292), and the great heterogeneity regarding not only cell products, but also outcome measurements, and poor assessment of the power of the study to discriminate the effect sizes of the outcomes; in fact, sample size calculation for at least one clinically important effect is seldom reported [18, 22] .
Importantly, and relevant to the use of these biological adjuncts for healing, is the fact that no worrying safety concerns were reported in relation to intramuscular injections of this type of therapy [42] . Moreover, the safety of these products in other medical areas, such as intraarticular administration in osteoarthritis, has been ascertained [48] [49] [50] .
Regenerative Medicine treatments are not restricted to cell therapies. There is another category of molecular products obtained from peripheral blood, i.e., PRPs and other platelet therapies. PRP research has increased spectacularly in the last decade. In the 60s, hematologists used PRPs, as a transfusion product for patients with coagulation problems. But, these treatments breathe new life when they were used in the treatment of chronic leg ulcers [51] . These were the first clinical applications of platelets outside of the blood stream, and were followed by the use of PRPs in other medical areas, especially in the field of orthopedics and sports medicine [52, 53] . Since then, PRP research has explored the molecular interactions of platelets and plasma secretome with different cell phenotypes [54] , thereby constituting a subdiscipline of regenerative medicine. Basic science indicates that PRPs may be promising in the field of wound care, because it enhances cell migration, proliferation, angiogenesis, and tissue anabolism [55] . However, research in novel therapies takes time to develop and optimal indications and protocols are lacking. As we can see in this review, there are different procedures for PRP or PDWHF application (topically or injected), different platelet and leukocyte concentrations, and combination products (i.e., (PRP + collagen powder), (PRP + oxidized cellulose-collagen)). Most studies [23] [24] [25] [26] 32, 33, 36, 37] used coagulated PRP, so-called PR gel. These products contain the platelet secretome along with plasma proteins, but activated platelets on their own (without plasma) are also effective [30, 31, 40] .
There are two recent reviews on platelet therapies for wound healing [56, 57] . Carter et al. [56] have reviewed and metaanalysed the use of PR-gel on wound healing, acute, and chronic conditions, including prospective and retrospective studies that are published in journals and in congress. The review included 21 studies and nine studies were included in the metaanalysis. The results indicated that PRPs favored healing in chronic ulcers and that the presence of infection was reduced in acute wounds treated with PRP [56] . Martinez-Zapata et al. [57] included 10 RCTs in chronic wounds in their metaanalysis. Three of these RCTs involved DFU and three studies involved venous leg ulcers. Overall analysis did not shed light on PRP effectiveness, but the results indicated that autologous PRP can enhance DFU healing when compared with standard care, although the value of the evidence is low.
Insufficient description of the biological intervention is a major drawback in published studies. At present, the need of minimum reporting standards for biological therapies is recognized [58] , and to advance in the field, a consensus regarding minimal requirements for reporting on biological products is obligatory.
PRP helps healing by releasing a physiological pool of proteins involved in different biological processes, including angiogenesis, ECM synthesis, and remodeling. It consists of more than 300 proteins that are released from activated platelets within a fibrin scaffold formed upon plasma coagulation. Alternatively, platelets are used without fibrin. Regarding platelet concentration, PRP containing a near-physiological concentration of platelets (Autologel System, Cytomedix, Gaithersburg, MD, USA) induced a healing response in 96.5% of wounds within 2.2 weeks with 2.8 treatments, in a large observational study using a multicenter registry database (39 centers). The authors concluded that PRP gel could trigger the healing process as positive changes were assessed in 275 of 285 wounds [59, 60] . Furthermore, registry data of 26,599 patients, treated between 1988 and 1997 in various Wound Care Centers that are associated with Curative Health Services, showed that platelet releasate was more effective than the standard care, especially in the most severe wounds affecting deeper anatomical structures [61] .
Different healing impediments can have varying leverage depending on the specific patient, emphasizing the need to embrace personalized medicine approaches [62] . Healing can be hindered by infection, and osteomyelitis is common in DFU. Sixty-four patients with chronic osteomyelitis randomized to artificial bone implantation with or without autologous PRP and bone marrow implantation showed enhanced bone regeneration in the group with the biological intervention [63] .
Importantly, the most suitable dressing to maintain cell viability and optimize the interactions of healing proteins with the ulcer bed has to be defined cautiously [64] . Likewise, needling the fibrotic tissue, while injecting PRP, can eliminate the fibrotic barrier around the ulcer bed, thereby improving healing in selected patients [65] .
Based on the current medical literature, it is unclear when these biological adjuvants should be considered, and their place in the decision tree when other treatments are not effective. The need of high quality clinical research is reflected in our review. Although results may be promising, comprehensive reporting that included a clear description of treatment protocols (a description of dressings), providing the composition of the biological product and clinical outcomes, including ulcer size reduction, the time to heal, and the rate of healing are mandatory. Likewise, conducting clinical trials with high quality methodology can help to provide evidence for better clinical care.
Materials and Methods
We followed the recommendations of the Cochrane Handbook for Systematic Reviews [66] and performed the study according to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analysis) statement [67] .
Search Strategy
We did a comprehensive systematic search in MEDLINE [68], EMBASE [69] , and The Cochrane Library Clinical Trials Database [70] until week 30 July 2017. The search included human clinical studies, written in English. The following algorithm was used to search in MEDLINE via PubMed: (skin ulcer$ OR foot ulcer$ OR diabetic foot OR diabetic feet OR leg ulcer$ OR varicose ulcer$ OR venous ulcer$ OR stasis ulcer$ OR arterial ulcer$ OR neuropathic ulcer$ OR chronic ulcer OR chronic wound) AND (cell OR platelet-derived wound healing factor OR PDWHF OR platelet-rich OR (platelet adj rich) OR "platelet rich plasma" OR "platelet-rich plasma" OR PRP OR "platelet gel$"). We searched through the other data bases with a similar strategy, by using a combination of the terms: "platelet rich plasma", "skin leg ulcer" and "cell therapy". We manually checked the references of selected articles to identify additional eligible studies.
Selection Criteria
Two reviewers independently assessed each title and abstract of all the articles, and selected a manuscript according to the following criteria: all clinical trials, randomised, and non-randomised comparative cohorts that provided scientific evidence on the efficacy of biological interventions in lower limb ulcers versus other therapies or conventional management were eligible for inclusion. Retrospective observational studies were not included. The experimental treatment had to be any biological adjuvant agent, including mesenchymal stromal cells-based products, i.e., adipose or BMR or MSCs, as biological adjuvants applied locally to the ulcer bed or injected into the edges of the ulcer were included. Studies involving intramuscular injections of mobilized peripheral blood cells or bone marrow derived cells to treat patients with critical limb ischemia (with and without ulcers) were excluded. In addition, we included studies using biological adjuvant agents, such as PRP or PDWHF, (but not recombinant growth factor therapies). Three authors reviewed separately the final list of eligible studies and reach a consensus regarding controversies. (Figure 3) . Results are displayed in two independent Tables: Table 1 summarizes cells' studies and Table 2 studies involving platelet derived products.
Data Extraction
Full texts were acquired for all of the studies matching inclusion criteria. The following data, related to ulcer healing, were extracted: healing rate, time required for complete wound healing, decrease in the wound area, ulcer size or rate of major amputation relative to the control group. Other extracted data included patient population and pathology, the number of patients in each group, ulcer chronicity, description of the intervention, and control management.
Risk of Bias Assessment
Studies were assessed for quality following the Cochrane Risk of Bias Tool [66] . Two authors independently evaluated the risk of bias of the selected cell intervention studies and two different authors assessed the studies involving platelet therapies, according to Cochrane guidelines.
